The relative susceptibilities and symptom responses of different Brassica species to infection by cauliflower mosaic virus (CaMV) have been compared and related to molecular events of the virus multiplication cycle. Variants ofB. rapa (genome descriptor aa) were highly susceptible to infection by CaMV strain Cabb B-JI and contained relatively large amounts of virus; B. oleracea (cc) variants showed low susceptibility and contained small amounts of virus. B. nigra (bb) and allotetraploid species, B. juncea (aabb), B. napus (aacc) and B. carinata (bbcc), showed moderate responses to CaMV. CaMV unencapsidated DNA forms were isolated from different Brassica plants and examined by two-dimensional gel electrophoresis and blot hybridization. Viral RNA was estimated by dot blot analysis. These analyses showed differences in accumulation of key viral replication cycle intermediates within the broad range of host plants studied. The most susceptible species contained relatively small amounts of supercoiled (SC) DNA, a component of the CaMV minichromosome, but abundant viral transcripts and reverse transcription replication products. Tolerant plant hosts contained high levels of SC DNA but low levels of viral transcripts and reverse transcription DNA products. Allotetraploids contained SC DNA, RNA transcripts and replication product levels which were generally intermediate between those of their respective progenitor species. Evidence is presented that accumulation of CaMV SC DNA in the less susceptible host species is probably not due to autonomous DNA replication or tissue-specific expression. We conclude that a major component of the susceptibility of Brassica plants (and probably all CaMV host species) to CaMV infection is the level of viral minichromosome expression, influenced directly by the host genotype.
The relative susceptibilities and symptom responses of different Brassica species to infection by cauliflower mosaic virus (CaMV) have been compared and related to molecular events of the virus multiplication cycle. Variants ofB. rapa (genome descriptor aa) were highly susceptible to infection by CaMV strain Cabb B-JI and contained relatively large amounts of virus; B. oleracea (cc) variants showed low susceptibility and contained small amounts of virus. B. nigra (bb) and allotetraploid species, B. juncea (aabb), B. napus (aacc) and B. carinata (bbcc) , showed moderate responses to CaMV. CaMV unencapsidated DNA forms were isolated from different Brassica plants and examined by two-dimensional gel electrophoresis and blot hybridization. Viral RNA was estimated by dot blot analysis. These analyses showed differences in accumulation of key viral replication cycle intermediates within the broad range of host plants studied. The most susceptible species contained relatively small amounts of supercoiled (SC) DNA, a component of the CaMV minichromosome, but abundant viral transcripts and reverse transcription replication products. Tolerant plant hosts contained high levels of SC DNA but low levels of viral transcripts and reverse transcription DNA products. Allotetraploids contained SC DNA, RNA transcripts and replication product levels which were generally intermediate between those of their respective progenitor species. Evidence is presented that accumulation of CaMV SC DNA in the less susceptible host species is probably not due to autonomous DNA replication or tissue-specific expression. We conclude that a major component of the susceptibility of Brassica plants (and probably all CaMV host species) to CaMV infection is the level of viral minichromosome expression, influenced directly by the host genotype.
Introduction
Relatively little is known about the factors that govern the susceptibility of plants to virus infection. Establishment of systemic viral infections involves a series of molecular interactions between plant and viral components involving expression of both genomes. Susceptibility of plants to viruses, and the resulting disease severity, is presumably influenced by the efficiency and compatibility of the molecular interactions.
We have been studying cauliflower mosaic virus (CaMV) infection of Brassica plants to unravel these interactions. CaMV has been well characterized at the molecular level and a detailed picture of its multiplication cycle is beginning to emerge (see reviews by Hull et al., 1987; Gronenborn, 1987) . At the cellular level, an early phase of the replication cycle is considered to be transfer of the viral DNA genome to the nucleus, where a supercoiled (SC) molecular form combines with host proteins to produce a minichromosome (Olszewski et al., 1982) . Transcription of this structure, regulated by the host, generates viral RNA transcripts which move to the cytoplasm where specific molecules function in protein synthesis or replication by reverse transcription (Hull & Covey, 1983a; Pfeiffer & Hohn, 1983) . Virion DNA, which results from reverse transcription, contains characteristic site-specific discontinuities (reviewed by Gronenborn, 1987) .
Most studies of CaMV infection have involved highly susceptible host species and in particular B. rapa rapifera (turnip). However, we have recently shown that in two other Brassica plants, B. napus oleifera and B. oleracea gongylodes, susceptibility to CaMV appears to be related to the host regulation of a specific phase of the virus multiplication cycle (Covey et al., 1990) . We found that, in B. oleracea gongylodes plants which contained a low CaMV yield and were asymptomatic, the SC DNA of the virus minichromosome accumulated in an apparently inactive form, We also showed that in highly susceptible B. rapa rapifera plants, minichromosome expression and accumulation was organ-specific.
We wished to determine whether the relationship 0000-9526 © 1990 SGM between minichromsome expression and plant susceptibility to CaMV was a general feature of Brassica plants.
We report here our analysis of various subspecies and cultivars of three major Brassica crop species, together with three groups of allotetraploids, which represent a wide range of responses to CaMV infection. detected by hybridization as described by Covey & Turner (1986) . The exposure of autoradiograms was regulated by comparison to the intensity of standard quantities of size-marker CaMV DNA loaded for the second dimension run of the gel. The absolute levels of SC DNA were estimated visually from autoradiographs exposed to equivalent exposures. To identify CaMV DNA forms in specific regions of a leaf, the different areas were separated by dissection with a razor blade prior to the isolation of DNA.
Methods
Virus. Plasmids pCa24 (Delseny & Hull, 1983 ) and pBX1 (Stratford & Covey, 1989) contained infectious CaMV strain Cabb B-JI DNA cloned at the unique SalI and XhoI sites respectively. Clone pHD1 (Stratford & Covey, 1989) , a derivative of pBX 1, contained a copy of the Cabb B-JI genome, lacking the sequence between nucleotides 3900 and 5265 which is bounded by BclI sites. This sequence was replaced by a similar nucleotide sequence from clone pBB 1.1, a plasmid containing infectious DNA of the CaMV strain Bari 1 (Stratford et al., 1988) . Clone pHD15 was identical to clone pHD1 with the nucleotide sequence between these positions inverted, generating a defective reverse transcriptase gene (Fig. 4a ). Clones pBX1, pHD1 and pHD15 were gifts of Dr R. Stratford. Cloned DNAs were made linear at their cloning site by digestion with the appropriate restriction enzyme prior to inoculation.
Plants. Plant seed was obtained' either from commercial sources or kindly supplied by the curator of the Seed Collection held at the Genetic Resources Unit, AFRC Institute of Horticultural Research (IHR), Wellesbourne, U.K. The following information is quoted for each plant: species name, diploid plant descriptor (Williams & Hill, 1986) (6232); (Tamu tex-sel greens, 4986). Plants were grown under glasshouse conditions at 18 to 22 °C, with supplementary lighting, when necessary, to achieve a 16 h photoperiod. Plants were mechanically inoculated at the two or three leaf stage with 5 ~tg of CaMV DNA using celite as an abrasive. Alternatively, leaves of infected plants which displayed CaMV symptoms were triturated in 10 raM-sodium phosphate pH 7.0 and celite abrasive, and plant sap was applied to the leaf surface. Leaves were harvested at 36 days post-inoculation (p.i.).
Determination of viral nucleic acid. DNA and RNA dot blots were prepared from leaf samples, harvested at 36 days p.i., and hybridized as described by Maule et al. (1983) . Following autoradiography at -80 °C, the amount of CaMV DNA was quantified, on films displaying a linear response, by scanning the film with a Joyce-Loebl Chromoscan 3 densitometer at 530 nm.
Analysis of CaMV DNA forms. Unencapsidated CaMV DNA was isolated from infected leaves by phenol/chloroform extraction as described by Hull & Covey (1983b) . CaMV virions are stable in phenol so unencapsidated DNA, and not virion DNA, was isolated using this procedure. CaMV unencapsidated DNA was analysed by neutral/ alkaline two-dimensional (2D) agarose gel electrophoresis of 10 ~tg of cellular total (unencapsidated) nucleic acid and CaMV DNA was
Results

Symptoms induced in Brassica plants by CaMV infection
We wished to determine the range and extent of responses of Brassica species to CaMV infection. All plants were inoculated with CaMV as seedlings and were therefore at a similar stage of development. The following symptoms were scored (Table 1) : leaf vein clearing observed at 20 (early), 36 (middle) and 48 days (late) p.i. ; the degree of leaf chlorosis at 48 days p.i. ; and the extent of whole plant stunting observed at the same time. A typical reaction shown by a highly susceptible host species, B. rapa rapifera, was the early appearance of severe leaf vein clearing which developed into severe chlorosis, plants were also severely stunted. The responses to CaMV of two other subspecies of B. rapa (pekinensis and chinensis) were virtually identical to that of B. rapa rapifera.
The responses of B. oleracea (cc) subspecies contrasted with that of B. rapa (aa) in that only very mild symptoms of CaMV infection were observed. Leaf chlorosis or plant stunting were not seen in any B. oleracea subspecies tested, and only mild vein clearing was observed. B. oleracea gongylodes was usually asymptomatic to CaMV although very mild vein clearing was sometimes observed in older leaves. These findings are in agreement with those of Broadbent (1957), who described CaMV symptoms of infection in several commercial Brassica crops grown under field plot conditions (rather than under glasshouse conditions as described here). B. nigra (bb) generally showed relatively mild vein clearing, although moderate leaf chlorosis developed later in infection. In general, the allotetraploids derived from each of the above diploid species exhibited responses to CaMV broadly intermediate between those of the parental diploids. For example, B. juncea (aabb) variants showed more severe symptoms than those of B. napus, (aacc) which in turn were more severely affected than B. carinata (bbcc) . The greatest variability in response within a species group was observed in B. juncea variants.
For those plants tested, the yield of virus at 36 days p.i. approximately matched the severity of the symptoms observed. For instance, the two B. rapa subspecies tested gave the highest viral yields whereas the lowest were (Table  1) .
CaMV unencapsidated DNA forms in different Brassica species
CaMV infection of B. rapa rapifera leaves results in the generation of a complex population of unencapsidated CaMV DNA forms that can be readily resolved by two-dimensional agarose gel electrophoresis (Covey & Turner, 1986) . This method provides a rapid means of determining the relative activities of the nuclear (tran-scriptional) and cytoplasmic (reverse transcriptional) phases of the CaMV multiplication cycle by monitoring the levels of replication intermediates (Covey et al., 1990) . Fig. 1 shows the distinct populations of CaMV unencapsidated DNA forms isolated from infected leaves of the three principal diploid Brassica species. Leaves of B. rapa chinensis, which produced a high CaMV yield, contained relatively small amounts of SC DNA, often resolved as two components in the alkali dimension, but had open circular (OC) DNA, linear (L) DNAs, subgenomic linear (SGL) DNA and hairpin (hp) molecules (Fig. 1 a) . The presence of hp molecules is particularly indicative of reverse transcription (Covey & Turner, 1986; . Linear dsDNAs of heterogeneous size (degradation products generated in vivo) have the same relative mobility in both dimensions and migrate as a major unit diagonal (ud). By analogy with B. rapa rapifera, a major SGL DNA component of 3.8 kb (Fig. l a) migrated on the ud and mapped anticlockwise on the CaMV genome from discontinuities 2 to 1 (see Fig. 4a ) (Hull & Covey, 1983b) . The pattern of DNA forms from B. rapa chinensis was very similar to that previously found by us in the related B. rapa subspecies rapifera (Covey & Turner, 1986) . The unencapsidated DNA forms from infected leaves of the less susceptible host B. nigra were markedly different to those from B. rapa chinensis (compare Fig. 1 b  with 1 a) . The relative levels of SC and OC DNAs were greater, and the L DNAs (including SGL) and hp forms were reduced, in B. nigra. Moreover, the OC form was composed of two major components in B. nigra but 0nly one was present in B. rapa chinensis. The subcomponents of the OC forms can be deduced from their mobilities during 2D gel electrophoresis. In B. rapa chinensis, the single OC component migrates slowly in the nondenaturing dimension, and as genome-length L DNA molecules (8 kb) in the denaturing dimension. This means that the OC DNA consists of two ss L DNAs, base-paired so that the ends of the linear components are located at different positions in the OC molecule. This OC molecule is most likely related to virion DNA, but is unencapsidated and contains only two of the more usual three discontinuities. In B. nigra, the two subcomponents are the genome-length L and closed circular singlestranded forms, consistent with molecules containing only one single-stranded discontinuity. However, the lower of the two spots is more abundant than the upper, which suggests that the OC fraction contains both onegap and two-gap molecules. Encapsidated CaMV virion DNA, which contains three single-stranded discontinuities (see Fig. 4a ), is not found in the unencapsidated fraction because the virions are stable to phenol extraction (Hull & Covey, 1983b) . The unencapsidated DNA from the low susceptibility host B. oleracea botrytis contained virtually no hp and L DNA, products of reverse transcription (Fig. 1 c) and also had less OC DNA. The SC DNA, however, was the most abundant single DNA form and was separated into major and minor components.
Similar analysis was also performed on unencapsidated CaMV DNAs from allotetraploid host species B. napus (aacc), B. carinata (bbcc) and B. juncea (aabb), derived from the diploid species described above. Three variants of B. napus were examined and the DNA pattern of Hakuran, representative of the group, is shown in Fig. 2(a) . The unencapsidated DNA forms of Hakuran bore a closer similarity to those of B. oleracea, one of its progenitor species, than to the other, B. rapa (compare Fig. 2a with Fig. 1 a and c) . However, the 3-8 kb SGL DNA absent from B. oleracea was observed in B. napus (Fig. 2a) , which also contained various reverse transcription products, detectable after long exposure of the autoradiogram, which were not found in B. oleracea (data not shown). B. carinata unencapsidated CaMV DNA forms (Fig. 2b) were very similar to those of B. napus (Fig. 2a) .
B. juncea hosts showed the greatest variation in symptom response to CaMV within a species group and this was reflected in the pattern of unencapsidated DNA forms (Fig. 2c to f) . B.juncea Tsunga 4291 was the most severely affected of the group and had the greatest abundance of SGL DNA forms, and other reverse transcription products, migrating below the ud (Fig. 2c) . B. juncea 4682, which was also severely affected, had low levels ofSC DNA but higher amounts of OC and L DNA forms (Fig. 2d) . B.juncea 4260 and 3109, which were less severely affected by CaMV, had elevated levels of SC DNA and proportionally less of the other products (Fig.  2e, f) .
CaMV RNA in Brassica plants
We have previously reported an inverse relationship between the amount of CaMV SC DNA and its level of expression in different organs of B. rapa rapifera plants and in three Brassica species (Covey et al., 1990) . We have now extended this analysis to a broader range of Brassica plants. The steady-state levels of CaMV polyadenylated RNAs, determined by dot blot analysis, and of SC DNA, assessed by 2D gel electrophoresis, are summarized in Table 2 (Table 2) .
Tissue limitation o f C a M V D N A replication
We wished to u n d e r s t a n d why a c c u m u l a t i o n of relatively inactive SC D N A occurred in less susceptible C a M V host species. SC D N A also accumulates in susceptible B. rapa rapifera plants, in organs and tissues which produce relatively little virus (Covey et al., 1990) . W e previously found that B. rapa rapifera stem tissue produces less virus and accumulates more SC D N A t h a n leaves. This suggested that in more tolerant species, such as B. plants (Fig. 3) . Vein/midrib material was separated from vein border tissue, where vein clearing is manifest (in those plants in which it develops) and inter-vein leaf laminar tissue. Unencapsidated DNA was isolated and analysed by gel electrophoresis (Fig. 3) . This showed that SC DNA did not preferentially accumulate, relative to other DNA forms, in any specific region of the leaves of B. oleracea or B. napus, suggesting this was not the explanation for the lower susceptibility of these species. We also analysed DNA forms from B. oleracea roots and found them to be similar to those in the leaves (data not shown).
The abundance of SC DNA in less susceptible hosts suggested that CaMV DNA replication might occur in the absence of reverse transcription of CaMV RNA. To test for autonomous CaMV DNA replication, a genomelength CaMV DNA clone was constructed with a reverse-orientated restriction fragment in gene V (the viral reverse transcriptase gene), thus rendering it incapable of reverse transcription (Fig. 4a) . Fig. 4(b) shows unencapsidated viral DNA forms present in B. oleracea leaves inoculated with DNA from infectious CaMV clones pCa24 and pBX1, the infectious hybrid pHD1 and the defective clone pHD15. DNAs were detected in plants inoculated with infectious CaMV DNA; however, SC DNA was not detected in plants inoculated with the defective clone. This suggests that autonomous DNA replication, in the absence of reverse transcription, is probably not an explanation for the accumulation of viral SC DNA. An analysis of CaMV DNA forms, present in the inoculated leaves at the same stage of the infection, produced a similar result (data not shown).
Di scussi on
We have shown that a broad range of Brassica species exhibiting a variety of susceptibilities to CaMV infection contain differing populations of unencapsidated viral DNA forms. In general, susceptible Brassica plants giving a high virus yield contained abundant RNA and reverse transcription products but relatively little SC DNA, which forms the viral minichromosome. In contrast, tolerant Brassica species giving a low virus yield contained much less RNA and reverse transcription products but accumulated elevated levels of apparently inactive minichromosome DNA. This suggests that the susceptibility of a broad and representative group of CaMV host plants is determined by the host's ability to transcribe the viral minichromosome.
The most susceptible hosts (B. rapa variants) were those containing the aa genome descriptor and the least susceptible (B. oleracea variants) contair~ed the cc genome descriptor. B. nigra, with the bb genome descriptor, showed intermediate characteristics. Allotetraploid species showed susceptibilities ranging broadly between those of the progenitor species, and this was reflected in the pattern of unencapsidated DNA forms observed by 2D gel electrophoresis. However, B. napus (aacc) and B. carinata (bbcc) unencapsidated forms more closely resembled those of B. oleracea, whereas those of B. juncea (aabb) were more like B. rapa. Even so, our observations suggest that the susceptible/tolerant genotypes of Brassica species show a degree of codominance, rather than complete dominance of one phenotype over the other, in the allotetraploids. Genetic variability within a species group, best exemplified in B. juncea but also observed in B. oleracea, should provide a means of further exploring the genetic basis of host susceptibility to CaMV.
We have previously demonstrated (Covey et al., 1990 ) that susceptibility of three Brassica species to CaMV is related to the ability of the host to regulate a specific phase of the virus multiplication cycle. The data presented here support and extend this conclusion to a broader range of species. Thus, in tolerant species such as B. oleracea variants, the virus multiplication cycle appears to become limited at the level of minichromosome expression, a process under the direction of the host transcription machinery. Consequently, such plants contain little RNA, reverse transcription products and progeny virions. However, the SC DNA component of the virus minichromosome not only remains but accumulates.
We investigated the possibility that virus became limited to specific leaf tissues since stem, root and callus tissue of the highly susceptible B. rapa rapifera plants accumulate less active SC DNA than leaf tissue (Covey et al., 1990) . However, dissection of infected B. napus and B. oleracea leaves failed to show preferential accumulation of SC DNA, although we cannot discount the possibility that virus was limited to specific cell types which we could not separate by dissection. SC DNA apparently accumulated in the absence of reverse transcription, especially in B. oleracea which contained the most abundant SC DNA but no detectable reverse transcription products, suggesting the possibility of autonomous SC DNA replication. However, we found no evidence of replication of full-length CaMV DNA containing a lethal mutation in the reverse transcriptase gene. Indeed, apparently lethal mutations have been produced at various locations in the CaMV genome which result in abolition of symptom development (see Howell, 1985) although it was not reported whether the presence or absence of SC DNA was checked as described here.
Our recent experiments (unpublished data) indicate that a small subset of progeny virions are recycled to the nucleus to maintain the level of SC DNA during highly active replication in susceptible B. rapa rapifera leaves. Thus, it is possible that regulation of this process is altered to increase SC DNA production in tolerant Brassica species. This would still require a reservoir of virions, presumably produced by a low level of replication, to be present in the cell. Moreover, we have preliminary evidence that leaves of tolerant species pass through a susceptible stage of development, and that the duration of this phase determines the virus yield and therefore the apparent degree of susceptibility.
